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7’IIc Astrolnctric llllagillgrl’clesco]~e,  aIL orbiti]lg  1.5 XI-I lc,w-clistortic)ll l{itcl~cy-~:llrcticll, w i l l  usc a lar.gc forlnat
C:[;l)tcj  rcc.cjrcl sLartrtiils astlle CCl)isclraggccl acrc)ss tllcilllag,c  ~ll:irlc. Star-  trail sel)arations,  wllcul avcrcrgcclovcr
tl]cmszrncls of pixels, yic]cl p}lc)toll-llclise  lirl]itccl celltroicls with 10 Inicro-arcscc.ol  lcl accuracy. I]] t]lis })a]jcr,  wc wi]l
cliscuss the iln}>ort.allt C; Cl) a]ld oIltic.al clcsigtl I]ar.sl[lctcrs that aflkct astrolllctric accuracy.  For tlm CYGIJ, these
illc]ucle charge  tra]lsfcr  cfhc.iency, I)ixcl-to ])ixcd  rdativc clual}tulll cflic,imicy, sub-pixcd  Q1’; graclimlts, allcl systcnllatic
l)ixcl clisloc.atiolls.  k’orr o~}ticd clc.sign, tlm.y arc tolerallcillg  o f  ]Jaralllctms  sucl]  a s  sccoliclary l[lirror  clccmtcr  a~lcl
li]t, aliclccnlic co]lstarlts.  M7e I~rmmt a]~oil]t dcsigt] forasystell} that call ac]licvc ]Olllicrc)-arcsc!ccmcl  accurac.y  o v e r
.3 IOllg-tcnn loissio]]. lhcl-tocllci lr]odcli]]g,  illcll]clil]g lligll ]Irccisicjrl clifl’ractioll  calculations) isusccl  tovaliclakthc
dcsigil.

1  IN’I’I{OI)l J(:T’ION”

‘1’I)c Astro~nctric  llnagitlg ‘1’clcscopc (A I’J’)  is a ])rc,})c]sccl  cmbitil]g 1.5 ]]) clialilcter  l{itc.llcy-~~l]  rcticr] tclcsco])el’z,
Its ]Irilllary  ]Ilissicnl  is to clctcct extra-sc~lar Ju~)itcr a]lci lJra~llls-like ]Ilallets  using bcltl] a c.orcjllagra])ll  fcm direct
ilnaging  allcl rdativc  astrolnclry for inclircct ]Ircasurmnc)lt. ‘1’llisl)a~lcr  aclclrcsscs rcstlltsc,fc [lcl-tc,-clld  ]I}cddillgof
tllc astro]lletric ])cwtion  of tl]c IJ)issicm.

‘J’llc w~troI1letric illstrtllllcI1t  c.o])sists  c,f tllc two-r llirlcmtclcsco},c  ancl a largcfc,rlnat CC1)  that is clraggecl across
t)lcfocalp]alic. Noothcro pticsarercquirccl.  “I’llcit~strill {lcllto}lc.ratcs lly poiiltillgat aficlcl ofstars,  tllcn clraggi~lg
lllc clli]] across the ilotrge I)lallc obliquc]y  to tllc W]) rows. Star trail scI)aratioIl  indicates tllc relative stellar
])ositicnw ili ONC cli]llcllsio]j. ‘1’hc  tclcscopc  i s  rc)tatcd a]lcl the cxpcri]]lc]lt  rel)catecl tc) cll~tai]l tllc pcr])cxlclicular
clilllcllsio]l. l’;ac.11 colulnn  along  the star trail ]Jroviclcs  all illclc])cnclcnt ~neasurclncllt  of l~ositio~l. ‘1’IIc reason fc~r star
trails, ratllcr t,hall collvcutiona]  clircct ilnagi)ig,  istcl avcragccwcr  tllc randc~l[l crrc)rs that call occur in cacll c.olurnllj
e.g. cluantu]n  dlicicllcy  (QII;)  fluctuations, sul)-~)ixcl  C/l; g,radicllts, allcl ]~ixcl  ]]ositicmal  ofl’sets. Alsc), a star trail
c.ollccts it~clcl)cllclcnt  lnrmsurclflcnts  in OIIC  illiag,c, ]llillilllizillgt llc alnount, of clata tc) lJC dcwlllinkccl.

III tllis]]a])m wehrkfly  clcscribc  tllccvlcl-to-cllcl  ]Iioclclillg; a ]Ilorctllorc,ug]i  cliscussioll  isgive]l  elscwhcrc3.  WC

tlml d i s cus s  tl)e {; Cl) IIlodel allcl s],cc.ify tolcra]lccs  01) tllc rallclcnll  errc)rs  just ]Ic,tecl. W C then ],rcxcnt a ])oitlt
design for Lllc tclcsc.cr]w that satisfies astrolnctric ])crfcmil)arlcc  rcquircl]lent,s as well as ol)tcj-l[lccl~dllical constraitlts,
‘J’o]cra]lcc 011 t])c optical clcsig~l, I)amcl U])OII f21)cl-l,chcIld  ]l-lc)clclillg  c,f si]llulatccl  rc-])rc-sc~ll  at,ive star fidcls, is ~,rcsmtccl.
ll’illally, tllcl[loclcl  isllscd toclc.tcmni!lcil  ltcgratic,l~ tilt~cs fc)rtypical  ficlc]s.

2  lI:Nl)-’J”O-l;Nl)  hlol)ltl,

Our lIIoclel consists of several silliulatccl  star ficlcls rcllrcv5cllti11g a urliforlll  sa]llplillg  of tllc sky, a ray- trac.c/cliflrac.  tioIl
],rogralll,  tllc C{;l)II~c)clcl,  a]~llotc,ll  noise gcllcrator,  and all astrc,lnctric  analysis  l)rog;raln. Allsc,ftwarci  scxec.utccl
oiI a ,Sut I S])arc  2 workstation.

2 , 1  IInngi])g  COCIC

l;ncl-tc)-cnld  Illoclclitlg  l)(:gills  w’itlla  llig;ll-])recisioll c)ljtical ray-traccatlcl diflractioll  l~rc,gralllcallccl tllc Col\trollccl
ol)ticsh~oclc]il,g  l’ac.kage(COMl’)4.
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U)M1’ is a flexible prcrgraln Lllat is ilnplclnmllcd  in cithcv a stand-alcrnc  I[lodcor as a library ofsubroutincs
callril)lcfrol]l  a 1’OIU’ILAN  }~rogral[l. Aslarfrorl~ t]lrfic]cl  issc]t:ctec\,  COhl I’ tllc]lr ciiclsi ifilccotlt.ai)~ illgtlIco  I,tical
]Jrescription,  aild rays arc traced frc)ln tllc field point  tllrc)ugll the systcln  to tllc focal plane. ‘1’he  ]nollochrolnatic
diffract  ic)~l (alJd/or  ahcrratio~l)  lilllitcd  poil[t spread  func.tio]l is tllcll co]li])utcd. hloditicatic]n  o f  tllc I)rescriptioll
faci]itatcs a study oft}lco ]~tc)-lllec}lal)  ical tolerances wit)lout  aTiyrllcJclificaticllltc~ tllecodc,

Since Al’l’ is dcsig~lccl  to IIavc a J)rcc.isioll of 10 I[licro-arcsccollds  (5 x 10-11 radians), the code itself Illust
be utldcrstood  and accurate at tl)e lnicro-arcsccond  lCVCI. COh41”s ray trace is kt)ow]l  to I>e accurate to llanc)-
arc.scc.ollds.  II) theory, the clifl’rac.tion li~[litcd iulagc  should  IIave ttlc salllc  ccntroid  as a I)undle c)f rays traced
lhroug)l  tllc Syshns. WC filial that, to  a  lillcar  Illagtlificatioll  tcrlll, diflractic~ll C.elltrc]ids l[latcll  ray celltroids  t o
witllill  afcw ]Ilicro-arcscco] lds across the fic]d. ‘J’lIe  lillcarlllag]iificatioll ter]ll is illcollscclllclltial  sillcc it ismnovcd
})ytllc  afiillc trallsfc)rlllatiolld cscrillcdhclcJ}v.  A lllorcclctailecl  clcscriI>tioll  oftllccc)clc's  l)rccisioll isgiveIl  clsewl]crc3.

I’c)rtllcscs ilnulaticms,at  ota]of 1fS40rays  wcrctraccd through tllctclcscope. l)iflractiolli ~llages~~’crcc .olll~]lttccl
c)]) a 51’2 x 51’2 grid wit]]  a pixel sim of 0.75 l~]n.

2 . 2  C:cll mc)dc!l

cl’lIe CC]) is assumed to be a flat cletcctor  with u)liforlrlly s]]accd  ])ixcls and a 100% fill factor. I’;acll ])ixcd  is assigaed
a Q]’;  t)lat illcludcs  a rarldolll  tcrln  c.hosm frotn a  G a u s s i a n  clistribution,  slid Iillcar sul)-pixe] Q1’; graclicht.  ‘J’hc
chip as a WIIOIC is asssulllcd  to have a ullifor~n Cl]argc ‘J}a~lsfcr II}flicicllc.y  (C’ J’lI;) with 0.999 <C’1’II;< 1.

Wllilc  a real  CWl) may have a liol~-zero power s])cctrulll  t}lat colltillues  hcyo~ld  lillcar  sub-pixc]  .gyadiellts,  these
are ilic.ollscq~lclltia] for cmtroiding, Sillcc tllc ilnage  haq ~l]ai]l]y  a ]inear  c.olll]~o~le]]t across the pixels, parabolic. and
l]i.gllcw order  graclimlts cloll’t affcc.t tlw c.cl~troids.  Aclcli~io)lally,  because. tl]e i]]lages  arc dragged ob]iqucdy across t}le
l,ixcls,  J,ixcl gradient a,vcraging occurs aud higllcr  order tcrlns arc quickly reduced.

‘1’l)e W]) cl]oscll  is available as a standard itmn froln ljoral 6. IL is a 4096 x 4096 chi]) wit]) 7.5 lnicron  pixe]s.
With tile current  design, this provides a 4.5 arc]nil)ute  dia~ncter  field-c)f-view. Al’J’ will actually usc two identical
c.liilm lnountcd  side-by-side. ‘1’his  allows silnultancous  lllcasurclnmlt  of all stars as tllcy are draggccl  across the fkdd.
Si]nlllt  allacity  is required in orclcr to rcducc  slJaccc raft  jitter rloisc 011 the c.c]llrc]ids.

2 . 3  Astrcnnet.ric mocld

Al’l’ pcrforllls  relative mtrolnctry, rnmsuri]lg  tllc ~notion of a target star relative to a background fralnc.  Ovcr its
lifctill)e,  it will lnca.sure eac}l target star several times per year. With cac)l subsequcl)t  observatio~l,  the pointing,
roll, focus} focal pla~le position, allcl o])tical co]]lponellts  will cllango at sc)]no slnal] ICVCI. “1’hc  rcfcrcv)cc  stars allow
onc to lnakc  an affim  trallsfcmliatioll  I.wtwc.ell ftallles.  WC l)avc fout]d that a 3 tcnn Ii]lcar ]JIodel  is ]nore sensitive
to abcmrations.  ltlstead, we usc a 6 tcr]n  quadratic ir)odcl given by

wllerc x and yarc tllc coorclinatcs  of a star ill tllcorig;itlal  fratrle, and a’ is tllc coordinate in sulmcquellt  fra~ncx.  y’
is  lneasurccl ill sc])aratc  obscrvatio]ls. A least squares routi]lc  is used to })crfc)r[n the aflitlc trallsforlllation. l;ach
star is wciglltccl ac.c.ordingto  its brightness  a~lcl irnagcc]uality.  At least 6 rcfcmllce stars are required for tllc ~llodcl.
II;rrc>r  ])rcy~agatioll iscicscribcd  below.

3 0] ’2 ’] C~A1,  I)] I; SIC; N

‘1’l)e ideal astrcnl)ctric  tclesco])c l}as zero dis(cmticl]l and forllls I~erfcc.tly sylllll]etric  illlagcs  across  tl)c ficdd-of-view.
No two-mirror clcsign  can achieve this, I)ut a special class of ltitc.llcy-{:tlrcticvl  designs call clil]lillate  third order
distortioIl,  sl)l]erical ab[;rratioll,  alldco~~]a,  wllilelr]ailltaitlillg  arcasollaljly flat ficl(l. “J’l~ee(lllatiotls  for(leterll~il~  iI~g
this design have bcc]l .givc.n hy Korsc.h7. ‘J’hc  Alrl’ dcsigll is drivcw by additic,nal  factors, such as tl)c desire for a
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‘J’alJ1e 1: AlrI’ IJcsigll
-  I’aralnctcr

l’rilllary  dia][lctcr”
l’rilliary  focal Icllgtll
l)rir[lary  co]lic ccnmtallt
Secondary dialllctcr
slXm(laIy  focal IC!llgth

l’aralllcters
Value
1.50 Ill
7.48 Ill
-1.0787
0.4411”1
-2.96 III

Sccolldary  co)lic. constant -4.9381
l’rilriary-sm.olldary  sc]~aratioll 5 . 5 0  III
IIack-fc)c.al distance 0.50111
SystcHn  focal Icngtl) 22.64 In

slllall  scc.ondary  lnirtor to rccluce sidclohcs  for the c.oronagra])tl,  cc>llstraillcxl overall ICl]gth, and the I]Cccl for a large
collecting area.

‘1’wo  accc]jtahle  clcsigns exist: both  }]avc 1.5 III cliarnct.cr pri]nary  ~llirrors a]ld an overall lcnlgth of 6 ]n. ‘1’hc
first has tlic cmtrancc pu~~il  at the priluary nlirtor. ‘J’liis requires a 73 crn dial] lcter  secondary lnirror, with a systc]n
focal length of 13 m. ‘1’hc  low ]nagnification  of the secondary ]Ilirror is advantageous in tcr]ns  of dcccntet  a~lcl tilt
tolcranc.m,  but this is outwcighccl Ly tile disadvantages of a large seco]ldary (illcrcased  sidelobcs  and integration
tilnc) and short focal lm)glli (demanding s~nallcr  pixels, which ltavc s]nallcr  full-wc]l  capac.itics).

‘1’hc  scconcl  design has the c]ltrancc  ]Ju’pil loc.atcd ill tlic ]Jla]lc  of tllc secondary ]nirror-. l)csigll  pararnctets arc
.giv~ll ill ‘J’aldc 1. With this clcsigil, tllc plate scale is 68 ]nilli-arcsccc]  l)ds pm 7.5 Illicrorl pixel,  wllilc tllc diffraction
li]nitcd  full-width of tllc central lobe is 168 lnilli-arcscconcls.

‘.l’hc tclcsc.ope  maintains difltaction limited ],erfcmna~lc.e  across the 4.5 arc.minute field-of-view. ‘1’hc  St,rchl ratio
is 0.994 at the eclgc c)f the field.

l~igurc 1 shows the distcmtioll across the field-of-view for tl~is dcsigll. ‘J’otal distortion is a few lnic.ro-arcscconds.
It can bc seen that tlm distortion actually Iocasur-ccl c,n tllc CC1) closely follc]ws the diffraction al]d ray-c.c]ltroid
distortions.

4 CItN~’lLOllllNG  O N  A

W C have considered two methods for dctcr]llining  illlagc c.c]itroids.
csti]nator, given by

X,,p],,
c= -

X,,p

Cc:])

l’irst,  one call use the stmldard ccntroid

(2)

wltcrc p is the pixel value and 1 P is tile illtcllsity  at that pixel . ‘his cstilnatot is extrcuncly sensitive to both
positioning of tllc i][lagc wit]} rwspcct  to ])ixcls, as well as to tllc nu~nhet of rows used in tllc cstilllation. ‘J’lIC scc.ond
nlctl}od is a ]natchcd  filter With a propcr]y  generated filter, tllc cmltroid esti]nate is cc)mplctcdy illscnsitivc  to the
nu]l]bcr of rows and rdative inlagc/pixel positiolliug,.

From previous worlk  on irnagc  ccntration  using R,o]lchi  rulings:’, we liavc seen tl]at true i~llagc ccntroids  arc
well he]laved even ill tllc prcscncc  of optical pert.urbations, wl]ilc esti]liators  that do not  ]I]casurc tile true cclltroid
(SUCII  as an i]npropcrly  forlncd  Inatchcd  filter) arc not so robust. l’or this reason, wc usc the standard cmtroicl
estilnatot in this work. Matched filter perfor]l)allcc  is rougl!ly the salnc  ill tcr]ns  of smlsitivity  to pixel errors a]ld
pixel gradients, but it is 3 times ]Jiorc light cflicimlt.

4.1 Standmcl ccmt]oid estimate

‘1’IIc c.c]ltroid estimate iIs for]ncd fro~n  a swath 11 rows (0.75 arcseconds)  wide, centcrcd  on tl]e peak of the ilnagc.
As tl~c itnagc  moves witl)in  the cmltral  l~ixcl, the ap]mellt c.el)troid error is of order 0.01 pixels. IIy dragging the

—.
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Distortion with Urlpcrlurtml  Ielescope
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Figure  1: Distortion in the unperturbed Al’J’. Ctlief  ray clistortion  is the classical 3rcl order  aberratic,ll.  Ray-centroid
distortion is brrssed upon  the c.c-mtroid  of 1840 rays trac.ecl through the telescope. ])ift’rac.ticm clistorticm is based upon
the cmtroid of the diflractiomlimited image,  fortned  ot~ a high-resolution grid. “J’hc CCIJ  curve shows distortion
lncasured  on 7.5 lnicron  pixels.

ilnagc  ol]liqucly across the pixels, this error is averagecl  to a negligible va]uc, ‘1’0  sitl)ulatc  this, wc colnpute  the
centroid  as it shifts 0.1 pixels,  tl)cm average tllc res~ilts after  .sIliftilg  I)y a full ])ixel. ltcsidual shift at the end of
tlw sc.al~ arc  of order 0.01/4096 = 2 x 10-6 pixels << 1 ]Ilicro-  arcscco]ld.

Ovcv the years in space, c.ontalnination  ~nay lead to sr[]all cha]lges ill tile relative pixel QII;. F’or a Q}{; standard
clcviation u~~; per pixel, we find that the ccwtrc)id error ill cac]l colur[ltl ilas a standard deviation given hy

UC,  QE = 9000 CJQF; micro - rirc.seco]ids. (3)

Assulnir~g  that QII; crrc,rs  arc  uncorrc]atcd  arid white, wc require

( ‘------- )
2

N~I,; z
UC, <IF;

i d lnicro  - “ariiec
(4)

pixels to average  the c.cntmid error to 1() micro- arc.seconds. l’or  1 ~o QII; errors, c)]lly  81 columns are [Iecdcxl.  For
4096 colutnns,  wc can tolerate QII; errors of 7%, ‘1’his s]iould hc trivial to obtain using a flat-field source on board
the spamc.raft.

JLor suh-pixel gradimts, tile cmtroid st,arldard clevi:ition  is givca by

o C,gr =. 17100~, Illic.ro -  arcse.col~ds. (5)

Assulnil)g  white,  uncorrclatd gradimlts  having  a standard cleviatioll of Oj, = 0 . 1 , 294 columns arc required to
average the error  to 10 micro-arc.se.c.ends.

‘Jihc nu]nber  of photons rccluirccl is dctcrl[lincxl  hy tllc i~l-lagc width. For t he  telescc)pe  and C(;J)  pararnet,ers
given above, wc find tl)ilt 5.5 x 107 pl)otc,lls reduce tllc I]llotorl-li)[lit,ecl  celltroid  error to 1(I I[licro-arcsccollds.
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‘1’able 2: Al’]’ ‘1’olcra]lcing
l’crturbatioli ‘1’olcrance-..
Scc,onilary  dccelltcr” 4 ioo jlll
Scconclary tilt + 1.0 :ircrllillutes
%c.cmdary  collie co])stallt > 4 0.005
l’rimary conic C.onstal)t > 3 0.01
SCconclary-prilnary  scl)aratio]l >  4 1  Inln

4 . 2  CIIaItgC?  trrinsfcw  eflicicmcy

Aft.crse.vcral  ycarsin low earth orbit, ra(liatiol],  particularly proto]] l~olllbarcllilcl~t,ca~lses detcriorat.iono f~~l)
c.hargc t,ransfer cflicicmcy  (CYJ’F;). IIata fro]]]  laboratoly radiatio])  SIICJWS that tllc C’1’II; l o s s  IIas COIO])OIIC]ILS  that
arc Ibc)th ])roportional  to and i]ldcpcmclcnt  of sigrlal strclIgt118.

IIere wc consider vertical (colulnnar)  C’1’E  losses. ‘J’hcsc are roughly ])er])mldicu]ar  to star trails and have a
]i]uch more severe effect than horizonal  10 S S C S. Vertical  CYJ’I1;  induces  a ve.rtic.a] tail ol~ the slar trail. ‘J’his biases
t.hc c.cntrc)icl away froln the horizonal  shift register (lISR).  Star trails near  the IISIL arc less affected than those
near  the other siclc of (the chip.

WC have writlcn  a si~nple a]gorithln  to silnulatc t]lc star trail }~rcdi]e for a givw CYJ’I;,  for proportional CH’E
loss (wlliclli ssigllal-i~lldc])  e~~dc]lt).  'J`l]e]~rofilcs  aretl)cll~ lscdirlo llrstallclarclc  el~troiclc stiIllatora lgoritllrl~toyield
tl]cfollowil!g  equation  fc)rc.entroid  shift Svs. (;’J’J; al)d tllcll~ill-ll~cr of J>ixcls N~, fromthc  JISIL:

,SZ NJ,(l -  C7J’I)6G05  lnicro- arcseconds, (6)

‘I’llccquatioll  holds  for(l-(;’J’E)<  1 0- 3.

l+’ora~l al)sol~ltc tolera~jccof IOlnicro-arc.scccmdsat  L]]e]argest  ficldpoint(NP  = 409 G), aCYJ’l+; > 0.99999963
is required. IIowcver, the CYJ’lI;  e f f ec t  i s  l i nea r  ill field (Iincar  i~l Nl, ); it is colllplctcly  rcvnovccl by the afll]lc
transforlnation clescribcd above.  our  Cl’]; tolerance, it] fact, isvcry 100SC. ];vcn shifts ofalnilli-rtrcsecond  (CTJ’N
=  0.!399963)  donotaclverscly  affect thcastro~l]etry. \Vitlll~rollcr  sllic]clillg, C'J`l;s l)olllclr  c~I-Jai~~a  bovctliislevelfor
tlm )nissiol~  lifeti~ne. “J’hc Gssilli ~C]Jiscx])ectcd  to Inai])taitl  ~1’k; > 0.99996 in a]larser e11viro1]f11e~lt9.

5 01’2’lCA1,~’ol,~ItANCINCJ”

Atlyal~crratiol~  tllatitlt.rocl~lces  co~~~aor clistortioli  aflocts tl~castrc)ll~ctric.  acc~lracy attllccc]lter oft}leficl(l. W i t h
our cnd-t~cmd  lnodel,  we can easily  loodify  tllc o])tical ]Ircscription  and dctcmnine  how 10UC.1I  modification lcacls
to unacceptable accuracy. First, we determine ccntroicls (as lnca.surcd by tile (;CIJ)  for a ftcld of stars atld an
unperturbed tclcsc.o]~c, We thcll  perturb the optical prcscrij]tic)~l  and shift tllc field by 2 arc.secollds  while rotating
it by 1 degree (thus silnulating aslight 11-iis}~oi~~til~galld roll ofthctclcscopc). Were-analyze thefieldandfit  an afl”inc
Lransforlorttion  to t}le two olrservatiolls. “J’}Ie  apparent l]lotion c~f the c.ellter of the field indicates the astrolnctric
error caused by the perturbation. l’igure  2sllows tlm distortion  whc]] the secondary islatcrallyd  isplacedby  100
IIlicrons, ‘J’hc  figure shows that while the “true” c.entroids  arc not affected (except l~y a field- il}dclmlldent  shift
t h a t  has bccn rclnoved),  the centroid  mcasurecl on thc~~;l) issliglltly shifted.

‘J’ablcl]  Iists  the perturbations andtoleranc.cs t.llat wcliavcstudicd.  in acldition to these,  wc plan  tc)illtroduc.e
colltalnination a]]d random  phase  rxrors on tllc lnirror  surfaces.

‘J’hese tole.rauc.e values  iijclic.at.e a worst-casc  scenario, wllcre it is i~o]jc)ssihlcto detcrl[line  the aberrations (or,
equivalently, the perturbations) ill the systmn. IIowevcr,  ])rclilni]lary  tests  sllcnv that ilnprovmncn)ts of between
2-5 arc possible by lllakillg  l-l~\lltiljle slliftecl ilnagesof a star cluster wit]l a few bright  stars at~d calil,rating the
cliff crelitial itnagc  ]noticm]s.
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Figure  2: IIistortion w~llcm  the secondary riiirror  is ]atcrally displac.ccl by 0.1 mtn. ‘1’he  CC]) centroici shift is due
to an interaction between  binning on 7.5 micron pixcis,  clesign astig[uatis[n, anti ficicl indepencient.  coma caused by
tllc secondary displacement.

6 INTIDCJILATION  TIME

We have simulateci  33 star ficlcis  representing a randotn  sa~npling  of tile sky. only t}losc ficicls having 6 or more
stars brighter tha)l  m“== 1‘7 are considerecl; the sigl]al- tonoise  ratio of fainter stars is ]irnited  by CC]) read noise.
‘1’here is a 70% probability of c]btainitlg  such a field,

Each field is run throug}l the end-to-end Inoclcl twice. ‘1’}lc first time, s t a r  pos i t i ons  arc comI,uted  w i t h o u t  .-
any photon noise. ‘1’he  scconci time, a 1 seconci integration is asu~necl.  g’he afhnc transforlnation is then applied
to the two observations, ‘1’}le forlnal  leas.t-squares error otl motion of the cerlter of tl)e fielcl is usccl to rxtin]ate
the astror[lct.  ric error in one second of integration. lt is tllerl trivial to colnpute  the time required to reduce t}lc
astro~nctric  error to 10 rnicro-arcseconds.  We assurnc  a total o])tical  bandwidth of 500 4 200 nm,  and average
throughput (including QR) of 25Y0.

Of the 33 fields, one field requires an integration time that is 50 times tile stanciarci cieviation  of tile remaining
fields. q’hc large integration time is duc to the particular stellar irltensity  ancl spatial ciistributions.  For the
rmnainirlg  32 fielcls,  the average integration time is 5000 secorlcis to obtain 10 r[licro-arcseconci  precision at the
target star. ‘1’he standard deviation is also 5000 sccoricls. Cl’able 111 gives a histogram of ii]tegratiou  tirncs.  For the
brightest 24 fields, representing 50% of available target stars, tile average integration time is 2540 se.concls,

Wc note  that integration times can be improved by 1 ) increasirlg  the diameter of the primary; 2) clecrc~sing
pixel size; 3) increasing the field of view; 4) using a matcilcci  fiiter  for centroiciit]g; and 5) using a linear affinc rnodcl.
Option 1 is unlikely bcca,use of the physical li~nitatiom of the launch fairing.  Option 2 woulcl clecreasc the full well
c.aJ~acity and dynamic ra,nge of the CCD.  Optiorls  3 anti 4 have tllc disacivantagc  of renclerir[g  the telescope more
sensitive to opto-tliecharlic.a]  perturbations, ‘1’ile iinear  Inodel decreases average integratic,n  ti~nes to 650 seconds
and ofl!crs a “no cost” it[lprovcrncnt  if oworbit  conditions (aligl)ment  of the optics) ailow it.
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‘1’al)le 3: IIistogralll  of IIltcgratioll  ‘J’i[ncs
‘“ IIltcgration  ‘1’il~le (see) N{]inl, er--c,f  fields-.. .

<  1 0 0 0 6
<2000 13
<3000 15
<4000 17
<5000 21
<6000 23

< 12000 27

7  C: ONCjI,LJSION

Our cnd-tocnd  lnodcling  irldicates  that ar) astrorneh-ic  tclescc~]m with a large-format C;C;IJ can achieve the requirecl
rncasurcrncmt accuracy. (XD calibration of a few pcrc.cllt I)cr pixel, ca.sily achieved in fligl)t, is all tl}at is rcquirecl
for averaging rarlcloln QN errors. Vertical C’lil’; charlges induce a linear rllagrlificatiorl  that is colnplctely  rclnovecl by
the afhne tralwforrnatiori,  Ol,tic.al perturl)ations c,f 500 rnicrolls and 1 arc.rlli~]utc  arc pcrll]itted  or] the scconclary.
‘J’ypica] integration times are about 45 rllirlutcs. ‘J’he ])oint design appears  10 be robust and cflic.ient erlough  to
serve ass tile basis  for a long -tcrrn astrornctric l)rogra~n.

Our Jnodclirlg  effort will continue to irn])rove. WC plan to mode] mirror corltarninationl  random Inirrot  phase
errors, and s])acecraft  jitter. ‘1’lIc improved rnodc]  will also ir~cludc multiple wavclcrlgtll  diffractiorr co~nputations.
Wc arc also ir]vcstigalirlg  the behavior of the afllrlc transfclrrnation  as a fullcticm of the light  clistril,ution  ir] the
rcfmcrlc.e  frarnc.

8  ACl{NC)W1,E1)CJ  RMNNg’S

‘J’hc Korsc.h-base.d optical design was optimized by }1. Kadogawa. W c  aclillowlcclgc  II;. I.cvy, R. ‘1’crrile, A. l\uff-
ingt,oli, A. Nor~ncl~n~achcr,  K. Shu, C,. W atlas, and G. Gatcwc)ocl for participating ill this work. ‘1’his work was
carriicd out at the Jet Propulsion laboratory, califc~rr~ia  IIlstitutc of ‘J’ccllrlology,  under  c.c}lltract with the Natiorlal
Acrollautic.s  arlcl S],acc Administration.
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